Background--Community screening to guide preventive interventions for acute aortic disease has been recommended in high-risk individuals. We sought to prospectively assess risk factors in the general population for aortic dissection (AD) and severe aneurysmal disease in the thoracic and abdominal aorta.
R upture and dissection of the aorta are critical vascular events that can cause severe internal hemorrhage and have an acute mortality exceeding 20% even with modern treatment. 1 Such acute events can be prevented by surgical or endovascular treatment, and potentially by timely risk factor intervention, in individuals with aortic wall weakening and dilation found on radiological or ultrasound imaging examination. Reports of increasing incidence of aortic rupture, dissection, and surgical treatment of aortic dilation in the second half of the 20th century therefore motivated community screening programs to identify individuals with dilation of the abdominal aorta who might benefit from surgical or endovascular interventions. However, the initial results of such screening programs in broad age-and sex-specific groups have recently been reported, with lower prevalence estimates of aortic dilation than expected observed in several countries. [2] [3] [4] [5] These findings have led to calls for improved cost-effectiveness in screening programs by focusing on highrisk populations. 2, 3 We were therefore interested in evaluating the population risk for aortic disease attributable to each of the major cardiovascular risk factors. Gradual aortic dilation precedes the development of aortic aneurysms and, to some extent, aortic dissection (AD). However, in the International Registry of Acute Aortic Dissection (IRAD) >80% of ADs developed in the absence of a preexisting aneurysm, indicating that ruptured aneurysms and dissection represent distinct pathophysiological states. 6, 7 Furthermore, different mechanisms are thought to drive aortic dilation and rupture at different aortic sites, most importantly for abdominal compared with thoracic aortic aneurysms (AAAs and TAAs, respectively). 8 It can therefore be hypothesized that risk profiles differ between these diseases. Previous studies of risk factors for aortic disease are, with a few exceptions, limited in interpretation by case series design such as the IRAD, by case-control designs, or by focusing on cross-sectional risk factor associations with aortic diameter rather than clinical outcomes. [9] [10] [11] [12] [13] [14] [15] [16] Accurate incidence and population-attributable risks (PARs) cannot be estimated from such study designs. We therefore used a large Swedish population-based cohort study of middle-aged subjects with long-term follow-up to evaluate the population risk attributable to major risk factors for AD and severe aneurysms in the abdominal (AAA) or thoracic aorta (TAA), defined as ruptured or surgically treated aneurysms.
Methods

Study Sample
The 17 Participants underwent anthropometric measurements and blood pressure measurement using a mercurycolumn sphygmomanometer in the supine position after 10 minutes of rest, and they completed a questionnaire that included questions about smoking and medication use. Apolipoproteins A1 (apoA1) and B (apoB) were measured at Quest Diagnostics (San Juan Capistrano, CA), blinded to casecontrol status, by using an immunonephelometric assay run on the Siemens BNII. The interassay variability was <4.0% for both apoA1 and apoB. Traditional low-density lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol fractions were available in a random subset of 5444 patients. 18 The
Pearson correlation coefficients between apolipoproteins and the corresponding traditional cholesterol fractions were 0.72 (apoA1-HDL), 0.73 (apoB-LDL), and 0.86 (apoB/apoA1-LDL/ HDL (1996) . End points were defined from diagnosis codes as shown in Table 1 and from codes for surgical procedures as shown in Table 2 . The acute mortality in ruptured aneurysms and in AD, defined as death before reaching a hospital or during the first admission, was determined from the Inpatient Register and the Cause of Death Register.
High validity of the diagnosis and surgical procedure codes for AAA used in the present study have been described previously in nationwide Swedish registers. 20, 22, 23 We verified all diagnoses or surgical procedures for AD and TAAs through a review of patient records and radiological images. Information on diagnostic modalities used was retrieved along with information about the location of aortic disease. Diagnostic definitions were in accordance with guideline recommendations. 24 Patient records were also reviewed for individuals with a procedural code indicating surgery for AAA but without a diagnostic code to verify that the procedure was performed for AAA.
Statistical Analysis
Individuals with a diagnosis of AAA, AD, or TAA at baseline (n=35; 28 with AAA, 4 with TAA, 2 with AD, and 1 with both AAA and TAA) or with missing information on risk factors were excluded from the current study. For these exclusions, we identified subjects with any occurrence of such diagnoses rather than only ruptured or surgically treated cases. End points studied in subsequent prospective analyses were defined as to reflect severe, clinically relevant disease and included AD, AAA defined as ruptured or surgically treated AAA, and TAA defined as ruptured or surgically treated TAA. Risk factors for these 3 end points were assessed by using Cox proportional hazards regression models. Each risk factor was tested in age-and sex-adjusted models, and significant risk factors were included in a multivariable model. The proportionality of hazards assumption was confirmed through visual inspection of log-negative log survival curves. Age-and sex-standardized incidence rates were calculated as the number of events per 100 000 person-years at risk, with CIs calculated under the assumption of a Poisson distribution. The PAR estimates were calculated for each risk factor by using the standard formula, 25 adjusting for age and sex by stratification as previously described. 17, 26 Analyses were performed by using SAS 9.2 (SAS Institute).
Results
End Point Validation
Of 103 subjects with a diagnosis of TAA before or after baseline and 81 with AD, patient records were retrieved for all except 4 (4%) subjects with TAA and 10 (12%) with AD whose records were unavailable as shown in Figures 1 and 2 . The diagnosis was confirmed in 92 subjects with TAA and 63 with AD, resulting in positive predictive values of 93% and 89% for the corresponding diagnosis codes in national registers, respectively. A majority of patients with AD (62%) and TAA (88%) had radiological evidence of aortic disease. A large proportion of AD cases (29%) and a smaller proportion of TAA cases (5%) were diagnosed on autopsy. A smaller number were diagnosed through echocardiography with TAA (n=5) or AD (n=1), and 2 individuals with TAA and 5 with AD were diagnosed via visual inspection during surgery. Intramural hematoma on computed tomography (n=1) was considered equivalent to AD. Individuals determined to be miscoded most commonly had aneurysms without evidence of dissection but were miscoded as such (n=5), vice versa (n=2), or had AAAs without evidence of thoracic aortic involvement but were miscoded as such (n=3), highlighting some level of confusion in the medical community about differentiating aortic diseases. The remainder of miscoded diagnoses stemmed from clinical suspicion at time points when patients were transferred across medical units before completion of diagnostic examinations.
Baseline Characteristics
In all analyses in the current study, we elected to use strict criteria for severe and clinically relevant aneurysms, defined as ruptured or surgically treated aneurysms. For AD, all diagnosed cases were included. During up to 20 years of follow-up (median 16 years, IQR 14.8 to 17.7 years), the incidence rate per 100 000 patient-years at risk was 27 (95% Journal of the American Heart Association admission, was 39% for AD, 41% for ruptured TAA, and 34% for ruptured AAA. Baseline characteristics for the MDCS cohort and subjects with aortic diseases are shown in Table 3 .
Abdominal Aortic Aneurysm
Increasing age and male compared with female sex were strongly associated with increased risk of incident ruptured or surgically treated AAAs (P<0.05). In age-and sex-adjusted models, hypertension, smoking, apoA1, apoB, and apoB/ apoA1 were also strongly associated with incident AAA as shown in Table 4 . The incidence rate of AAA per 100 000 person-years at risk was 58 (95% CI 46.1 to 73.0) in smokers and 15 (95% CI 10.8 to 19.3) in nonsmokers as shown in Table 5 . Diabetes and obesity were inversely but nonsignificantly associated with AAA. In multivariable analyses incorporating age, sex, smoking, hypertension, apoA1, and apoB, all remained significantly associated with incident AAA although only nominally for apoB (P=0.05) as shown in Table 6 . The proportions of AAA risk attributable to hypertension, smoking, and high apoB/apoA1 were 34%, 47%, and 25%, respectively.
Thoracic Aortic Aneurysm
A majority of ruptured or surgically treated TAAs (80%) affected the ascending aorta as shown in Table 3 . Increasing age and male sex were associated with increased risk of incident TAA (P<0.05). In age-and sex-adjusted models, only smoking was significantly associated with incident TAA as shown in Table 4 , although a trend to increased risk was observed for high apoB (P=0.09). The proportion of TAA risk attributable to smoking was 19%. Diabetes and obesity were nonsignificantly inversely associated with TAA.
Aortic Dissection
A majority of dissections were classified as Stanford type A (58% of individuals with information on subtype), similar to observations in the IRAD (62%). 1 Increasing age and male sex were associated with increased risk of incident AD (P<0.05).
In age-and sex-adjusted models, hypertension, smoking, and apoA1 were significantly associated with AD. The incidence of AD per 100 000 patient-years at risk was 21 (95% CI 16.3 to 27.5) in individuals with hypertension and 5 (95% CI 2.6 to 9.8) in normotensive individuals. Diabetes and obesity were not associated with incident AD (P>0.05). The proportions of AD risk attributable to hypertension, smoking, and low apoA1 were 54%, 14%, and 30%, respectively. In multivariable models incorporating age, sex, hypertension, smoking, and apoA1, all remained significantly associated with incident AD as shown in Table 6 .
Discussion
Using a large population-based cohort of middle-aged individuals with follow-up from nationwide Swedish registers, we prospectively evaluated the incidence and mortality of different aortic diseases, assessed risk factors, and the population risk of aortic diseases attributable to risk factors. Our results confirmed high acute mortality in acute dissection and rupture, 34% to 41%, and identified hypertension and smoking as predominant risk factors for AD and AAA, respectively, explaining 54% and 47% of population risk.
Smoking was also associated with AD and TAA, and apolipoprotein concentrations with AD and AAA, although with smaller contributions to population risk. Overall, our findings add to a small number of previous prospective studies for aortic disease [9] [10] [11] [12] [13] [14] [15] [16] and provide support for distinct risk profiles for different aortic diseases, with hypertension accounting for more than half of AD risk, smoking for half of AAA risk, and a more complex risk profile present for TAA.
Hypertension and AD
Hypertension is often considered the most important risk factor for AD, with reference to the IRAD study, in which 80% of AD cases were diagnosed with hypertension. 1, 6, 10 However, only 1 previous prospective study of AD has been reported, comprising the population from Oxfordshire, England. 16, 27 That recent study and the current prospective study consistently observed hypertension to be the most important risk factor. In the current study, hypertension was present in 86% of individuals who subsequently developed AD during followup. More important, hypertension at baseline translated into a PAR of 54% for AD, with an incidence rate of 21 per 100 000 person-years at risk in hypertensive individuals compared with 5 in normotensive individuals. Our study in combination with the study from Oxfordshire provides strong support for the contention that half of AD events could be prevented by pharmacological intervention in hypertensive subjects, similar to what has been shown in randomized controlled trials for stroke, heart failure, myocardial infarction, renal failure, and mortality. 28, 29 Whether targeted interventions for aortic outcomes with specific therapeutic alternatives such as inhibitors of the renin-angiotensin-aldosterone system or bblockers could be useful remains to be seen. 29 
Smoking and AAAs
Smoking has been reported to be the major risk factor for AAAs in several studies of both prospective and case-control design. 9, [12] [13] [14] [15] Our results confirm these findings in a large prospective cohort with long-term follow-up and a strict, validated end point. Smoking contributed 47% of population risk for rupture or surgically treated AAA, and the incidence rate of AAA was 58 per 100 000 person-years at risk Baseline characteristics for the entire Malm€ o Diet and Cancer Study (MDCS) and individuals with incident aortic dissection (AD) or rupture or surgical treatment of aneurysms in the abdominal (AAA) or thoracic aorta (TAA). Quantitative variables are presented as mean with SD. Dichotomous variables are presented as count and proportion. Location of thoracic aneurysms (n=45) and dissection type (n=62) were determined from review of patient records where available. Percentages for Stanford type refers to individuals with information available. Acute mortality was defined as death before reaching a hospital or during the first admission, and refers to individuals with AD or a ruptured aneurysm. apoA1 indicates apolipoprotein A1. apoB indicates apolipoprotein B. *Occurrence of aneurysm in >1 location in several subjects.
compared with 15 in nonsmokers. No prospective studies have examined the impact of smoking cessation on incidence of AAA, but reduced progression rate of AAAs with smoking cessation has been reported. 30 Together with such studies, our results indicate large gains with smoking cessation and that targeted screening for AAAs in smokers might constitute a cost-effective alternative to community screening, as has recently been proposed in European and US guidelines.
31,32
Other Risk Factors and Aortic Disease
Smoking was a risk factor across the entire range of aortic diseases, although with different risk magnitudes for different diseases. Hypertension and dyslipidemia were also risk factors for AD and AAA but were not significantly associated with the less common outcome TAA. In addition to more limited statistical power to detect associations with TAA, we suggest that this outcome might be more etiologically heterogeneous, often occurring concomitant with connective tissue diseases such as bicuspid aortic valve disease, or Marfan syndrome. 33 Dyslipidemia has not previously been prospectively studied for association with AD. Our results particularly implicate low apoA1 as a risk factor for AD. Additional studies are needed to validate this observation and clarify underlying mechanisms. The apoA1/apoB ratio was most strongly associated with AAA, consistent with findings for coronary disease. 34 Previous studies have suggested apolipoproteins to be slightly more sensitive markers of cardiovascular risk than the traditional lipoprotein fractions LDL and HDL. 34, 35 We observed strong correlation of apolipoproteins with the corresponding traditional lipoprotein fractions (correlation coefficient >0.7) in the random subset where both were available. We did not observe significant association of diabetes and obesity with any aortic disease. Previous studies have surprisingly found lower rates of aneurysmal disease and dissections in diabetic patients, 9, 11, 36 and experimental studies have suggested mechanisms with hyperglycemia such as increased stability of collagen Age-and sex-standardized incidence rates per 100 000 person-years at risk in exposed compared with unexposed subjects, with 95% CIs. Incidence rates for apolipoproteins are based on individuals in the highest quintile of the distribution for apoB (≥128 mg/dL) and lowest quintile for apoA1 (≤133 mg/dL). AAA indicates aneurysms in the abdominal aorta; AD, aortic dissection; apoA1, apolipoprotein A1; apoB, apolipoprotein B; TAA, thoracic aortic aneurysm.
cross-links and increased expression of plasminogen activator inhibitor 1. 37 The prevalence of diabetes was low in our study, and therefore power to detect such associations was low. However, the effect direction and magnitude were similar to those of previous studies and were consistent with a protective effect of diabetes on risk of aneurysm development but not dissection.
Study Strengths and Limitations
The major strengths of the present study was the large size of the population sample, which allowed prospective analyses with an adequate number of aortic disease events to compute incidence rates and study risk profiles relevant to the general population. Many previous studies have been limited in interpretation by case series or case-control designs or by focusing on cross-sectional risk factor associations with aortic diameter rather than clinical outcomes. Calls for prospective studies of predictors have been raised, particularly for incident AD and TAA, which have not been well studied, 6 as they are free of many of the biases inherent to case series and case-control studies but are hampered by the need for large cohort studies. 38, 39 The use of a prospective study design with nationwide registers allowed capture of both fatal cases from mortality registers and hospitalized cases from discharge registers. The registers used here have complete coverage of hospitals in the tax-financed nationwide health care system, and reimbursement to hospital departments is dependent on correct diagnostic coding. Furthermore, in contrast to several previous studies of aortic disease, each event of AD and TAA was confirmed by review of individual patient records. The high validity observed in national registers for broadly defined diagnoses of AD and TAA in the present study lends additional credibility to findings from previous register-based studies of these diseases that have also used physician's ICD coding as outcome variables but not adjudicated end points. 11, 40 In risk factor analyses, we focused on clinically relevant end points including subjects diagnosed with incident AD, aneurysmal rupture, or surgical intervention for AAAs, rather than all subjects diagnosed with aortic dilation. However, our study also has limitations that merit consideration. First, subjects were followed for as long as 20 years without reassessment of risk factor burden. It is likely that the risk factor status may have changed in some individuals during that time, which would be expected to attenuate the effect of risk factors, termed "regression dilution," potentially resulting in underestimates of risk factor contributions to population risk. Second, our study design did not allow investigation of the contribution of less common risk factors for aortic disease, such as connective tissue diseases and aortic valvular disease, of which the most common, Marfan syndrome and bicuspid aortic valve, have been reported in 3% to 6% and in less than 2% to 4% of AD patients, respectively. 6 Although such conditions might explain a sizeable proportion of AD cases diagnosed before 40 years of age, 41 the contribution of these conditions to the overall aortic disease burden in the general population is likely to be limited, possibly with the exception of TAA. Additional studies with careful clinical characterization would be required to prospectively study the collective contribution of such less common disease entities.
Conclusion
Our results establish distinct clinical risk factor profiles for critical aortic diseases. Hypertension accounts for more than half of the population risk for AD, while smoking accounts for half of population risk for severe aneurysms in the abdominal aorta. Our findings have important implications for the targeted surveillance and prevention of aortic disease, suggesting that preventive interventions targeting the population burden of AD should focus on hypertension, whereas AAA interventions should focus on smokers.
